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AN EXPERIMENTAL EVALUATION OF ARRAY OF THREE 

ELECTRON-BOMBARDMENT ION THRUSTORS 

by Eugene V. Pawl ik 

Lewis Research Center 

SUMMARY 

Three 20-centimeter-diameter electron-bombardment ion thrustors mounted in a 
close lateral a r ray  were used in a systematic investigation of steady-state interaction be- 
tween thrustors, ion-beam neutralization, and beam spreading. The thrustors used mer-  
cury as the propellant and were operated at 4500 volts net accelerating potential and at 
beam currents that ranged from 0. 75 to 3 . 0  amperes for the array.  No significant elec- 
t r ical  interaction between thrustor modules was observed. 

Neutralization of the ion beam was accomplished with three immersed emitter-type 
neutralizers consisting of twisted tantalum wires strung across  the diameter of each 
module. A beam collector was electrically isolated from the vacuum tank so that the 
effectiveness of the neutralizers could be determined. 
mately determined by measuring the collector potential. A neutral exhaust beam could be 
achieved with any neutralizer that was coupled to the aggregate beam through the plasma. 

was used to determine beam spreading. Mean cone angles of about 10" existed for each 
thrustor. Skew of the thrust vector was noticeable for most modules. Thrust levels as 
high as 0 .393  newton (88 millipounds) were achieved by the array.  

Beam potentials were approxi- 

A rake of impingement probes that could be swept through the exhaust of the a r ray  

I NTRO DUCT1 ON 

Research on the electron-bombardment ion thrustor has progressed to a point where 
it is appropriate to investigate the feasibility, performance, and operating characteris- 
t ics of multithrustor systems. For a given design value of specific impulse, particularly 
in the lower range of interest, the close spacing of accelerator electrodes in ion thrustors 
tends to limit thrustor size. Even with the 50-centimeter-diameter thrustor reported in 
references 1 and 2, multimodule a r rays  would be necessary to provide jet powers of the 
magnitude required for primary propulsion. 

Preliminary investigations have established the feasibility of operating a r rays  of 



from three to nine electron-bombardment thrustors, and this work is reported in refer- 
ences 1, 3, and 4. The present investigation is a more detailed study of the operating 
characterist ics and perforniance of a linear a r r ay  of three 20-centimeter-diameter 
electron-bombardment thrustors.  

Interactions between thrustors in the a r ray  were determined by observing the opera- 
tion of the center thrustor as major changes were made in the operating conditions of the 
two outer thrustors.  Neutralization and neutralizer interaction were investigated to eval- 
uate these phenomena under various operating modes. Beam profiles were also studied 
to determine the effects of beam spreading and exhaust-beam skew on the performance of 
an array.  

Electrical parameters  within the thrustors were measured and monitored with stan- 
dard instrumentation. Space environment was simulated to  a degree through the use of an 
exhaust-beam collector that was electrically isolated from the vacuum tank and thrustor 
array. This collector was of particular importance in the beam-neutralization measure- 
ments. Current-density profiles in the exhaust beams from the a r r ay  were measured 
with a movable rake of impingement probes. 

A P PARATU S 

T h  rust ors 

The three electron-bombardment ion thrustors used in this study produced 
20-centimeter-diameter exhaust beams. 
drawing in figure 1. (The downstream neutralizer location is not indicated. ) During 
thrustor operation, mercury was vaporized in an electrically heated vaporizer of the type 
described in reference 5. 
porous stainless-steel restriction within the vaporizer by holding the temperature con- 
stant. A flow distributor provided a relatively uniform influx of vapor to the ion chamber. 
The distributor consisted of a plate having twenty 1.3-centimeter-diameter holes that 
were evenly spaced on 8.0- and 12.0-centimeter-diameter circles,  10 holes per  circle. 
The ion chamber contained the cylindrical anode (20 c m  in diam. and 15 c m  long). The 
electron emitter or cathode, was a V-shaped tantalum filament located on the axis of the 
chamber. During operation, electrons from the filament were accelerated toward the 
anode, producing ionizing collisions with the mercury vapor and filling the chamber with 
a plasma. The ion-chamber potential difference (discharge voltage) was normally 
50 volts. An approximately axial magnetic field was used to  contain the ionizing elec- 
trons and was produced by a coil wound about the outside of the thrustor. 

One of the thrustors is shown in the cutaway 

Propellant vapor was supplied at  a steady rate  through a 

The ion-accelerating structure (screen and accelerator grids) at the downstream end 
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of the chamber extracted ions from the plasma and accelerated them to produce an ex- 
haust beam. Nonionized atoms could diffuse through the accelerator plate openings into 
the vacuum tank. Aluminum oxide balls supported and positioned the accelerator grids, 
which consisted of a match drilled set  of 0. 155-centimeter-thick molybdenum plates with 
0.475-centimeter-diameter holes on 0.635-centimeter equilateral hole spacing. 

The thrustors in this study were similar to the 20-centimeter-diameter thrustor 
described in reference 6 and identical to the largest  unit presented in reference 7. Dif- 
ferences between the units of these two references exist in the geometry of the distributor 
and the shape of the magnetic field. Additional description of individual thrustor opera- 
tion is presented in reference 8. 

line with centerline spacings of 32. 1 centimeters. 
figure 2. 

vided the net accelerating voltage VI and accelerator voltage VA for the array. 

voltage circuit breakers were used to supply accelerating voltage o r  isolate a faulted 
thrustor. Separate low-voltage supplies were used for each thrustor to supply cathode 
and vaporizer heating, magnetic field, and discharge voltage. A schematic drawing of 
the power supplied, thrustor electrical connections, and metered variables is shown in 
figure 3. 
down are presented in references 3 and 4. 

neutralizers. Each consisted of two 0.8-millimeter-diameter tantalum wires twisted to- 
gether and strung across  the center of each exhaust beam 5.0 centimeters downstream of 
the accelerator plates. 
ground by a common voltage supply to prevent electrons from streaming from the neu- 
t ra l izer  to the tank walls. 

The thrustor a r r ay  consisted of three thrustors mounted side by side in a straight 
The thrustor installation is shown in 

The modules a r e  numbered 1, 2, and 3, as depicted in the figure. 
The three thrustors were operated from two high-voltage power supplies that pro- 

High- 

Studies of this circuit and similar circuits under conditions of electrical break- 

Neutralization of the ion beams was accomplished by three immersed emitter-type 

The neutralizers were all biased at the same potential above 

Vacuum System and Ion-Beam Ins t rumenta t ion  

A cutaway view of the vacuum facility and the thrustor mounting is shown in figure 4. 
The three ion thrustors were mounted within a thrustor compartment 10 feet in diameter 
and 10 feet long that could be isolated from the 25-foot-diameter by 70-foot-long main 
vacuum tank by a 10-foot-diameter gate valve. Protective screening (see fig. 2) was 
mounted around the a r r ay  to prevent the dilute plasma, which fills the tank during thrus- 
tor  operation, from introducing spurious current readings into the electrical system. 
Although it was possible to bias the plasma shielding, negative i f  desired, for the data in 
this report, the screen was grounded. A grounded screen has been adequate to stop elec- 
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tron backstreaming. 
The vacuum system is evacuated by twenty-two 32-inch oil-diffusion pumps, two of 

which a r e  located on the thrustor compartment. Each pump contains a liquid-nitrogen- 
cooled baffle to prevent oil backstreaming. A liquid-nitrogen-cooled honeycomb surface 
containing an a r e a  of 2600 square meters is mounted in the facility to condense the thrus- 
tor  exhaust beam. The interior of the vacuum facility showing the cryobaffle is presented 
in figure 5. The photograph was taken prior to the installation of the ion-beam collector. 

P re s su res  within the main vacuum tank were about 2X10-7 to r r  when the thrustors 
were not operating. During testing, the pressures,  which were approximately equal in 
the tank and thrustor compartment, rose about one decade. 

Seventeen impingement probes of the type described in reference 9 were used to ob- 
tain ion-beam density profiles. The maximum e r r o r  due to secondary electron emission 
was probably less  than 10 percent for 4000-electron-volt heavy ions on a molybdenum 
surface (ref. 10). The probes were mounted 15.25 centimeters apart on a 3.7-meter- 
long a r m  that was pivoted about one end (see fig. 6). A servomotor was used to sweep 
the rake through an angle of 75". The 1.20-centimeter-diameter molybdenum probes 
(biased at -24 volts to repel electrons) were located in a plane 1.0 meter downstream of 
the accelerator surfaces. The ion-beam current density was recorded on s t r ip  charts 
along with a position indication of the probe a r m  as the beam was traversed. 

A segmented collector consisting of five stainless-steel annular sections was used 
for neutralization studies (see fig. 4). It had an outer diameter of 4.57 meters. The 
axial location, which could be varied from 3.0 to 10.6 meters  from the thrustor acceler- 
ator surfaces, was determined optically from a scale marked on the tank wall near the 
collector. Ion currents to each annular section of the collector could be measured, or  it 
could be electrically isolated for beam-neutralization measurements as described in ref - 
erence 11. The collector could be biased to repel electrons when used to measure seg- 
ment currents. A schematic drawing of the collector and impingement probe systems is 
shown in figure 7. 

strip-chart recordings, and by notation o r  photographing oscilloscope waveforms. Isola- 
tion of the panel meters  from the high voltages was accomplished through instrument am- 
plifiers. Some d-c drift existed within the metering system, and therefore meters were 
calibrated before and after each run. Meter accuracy was about 5 percent for all read- 
ings presented. The accuracy of the ion-thrustor-current meter readings was continu- 
ously checked during a run by summation meter readings of total thrustor and ion-beam 
currents (C J+ = J+l + J+2 + J+3, C JB = C J+ - JA, see fig. 3). (All symbols are 

defined in appendix A. ) 

When the thrustors were operating, data were obtained from panel-meter readings, 

4 

I - .. . ..... .. .. . .... ~ ... .. ~ . ..... . . . . - . .  



PROCEDURE 

The thrustors were placed in operation by applying all operating voltages and then by 
heating the propellant vaporizers. Individual thrustors were operated at  beam currents  
ranging from 0.25 to  1.00 ampere. Most of the data presented were obtained at  an anode 
or  net accelerating voltage (measured with respect to ground) of 4500 volts and an accel- 
erator  voltage of -1500 volts. P r io r  to  and after each test, the grid spacing was mea- 
sured at nine locations. Average surface-to-surface grid spacings of about 0. 25 centi- 
meters  were used in the tes t s  reported herein. 

During each data run, the vaporizer temperatures were adjusted so that the propel- 
lant utilization was 80 percent o r  slightly higher for each unit. 
rate was determined f rom values of ion-beam current (J+ - JA) and filament-emission 

current together with the performance map of figure 8. 
reference 7 and was obtained with calibrated orifices and a steam-heated vaporizer dur- 
ing single-thrustor operation in a smaller vacuum facility. The performance-map data 
were obtained with anode and accelerator voltages and also a magnetic-field strength at 
different values from those used for the thrustor in this study. These differences low- 
e red  the level of the ion-beam current of the performance map slightly (about 6 percent 
as determined by the steady-state gain curves of ref. 7). 
applied in computing propellant utilization. The vaporizer temperature was monitored 
during each run with an iron-constantan thermocouple mounted on the upstream side of 
the vaporizer. The temperature was adjusted so that the thrustor operation was within 
the 80- to 90-percent propellant-utilization region of the performance map at  normal 
operating conditions (AVI = 50 v, B = 14 .5  gauss). The vaporizer temperature was then 

maintained near this predetermined value for the duration of the run. 
t ro l  used for vaporizer heating was unable to provide close temperature regulation; 
hence, small  operating deviations are reflected in the data. 

The neutral mercury flow 

Figure 8 is reproduced from 

This 6-percent correction was 

The open-loop con- 

Thrustor Interact ion 

Most of the interaction data for the a r r ay  were obtained by a difference technique in 
order  to minimize effects due to drifting in both the boiler temperature and in the d-c 
levels of the meter readings. Interaction was investigated by observing the operation of 
the center thrustor (thrustor 2) before and after major changes were made in the other 
two units. Discharge-voltage and magnetic-field effects were investigated in this man- 
ner. Accelerator performance was checked on the center unit with the a r r ay  functioning 
in the manner just described and also with a single module operating for two values of 
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ion-beam current (0.25 and 0.50 amp). 

Beam Neutralization 

As described in reference 12, neutralizers are not necessary for thrustor operation 
within vacuum facilities because the ion thrustor is usually electrically connected to the 
tank through the beam. In this case the electrons from both the tank walls and the resid- 
ual gas provide charge neutralization; therefore, current neutralization is not required 
except perhaps for more stable operation at low pressures  (below 
For the neutralization tests described herein, the a r ray  was operated with a severed 
ground return path for the ions arriving at the collector. 
separated from ground by a high-impedance path, serves  as a surface on which ion- 
electron recombination occurs. The collector also serves  as a convenient probe for 
approximate measurements of the plasma potential. 
useful in determining the coupling of the neutralizer to  the beam. With the collector 
floating, the neutralizers a r e  forced to operate and provide current neutralization. 

collector current as it was moved toward the a r ray  until the ion current it collected 
reached a value approximately equal to the total beam current. A distance of 4.57 
meters from the accelerator plates was adequate to  intercept nearly all of the beam for 
all conditions investigated, and the collector was therefore kept at this location during 
all neutralizer testing. 

ference between the collector and neutralizer. This was accomplished by supplying the 
a-c heating current to  the neutralizer filament through a diode s o  that only half of each 
60-cycle waveform was used for heating. During the other half cycle, the neutralizer re -  
mained hot and emissive but did not experience a longitudinal voltage gradient, thus f u r -  
nishing a unipotential point from which to make coupling measurements. All three neu- 
t ra l izers  were in phase during the heating cycle. 

the beam was investigated by comparative measurements of the exhaust-beam profiles 
under a variety of operating conditions. For example, impingement-probe t races  for 
floating-collector operation were examined against profiles obtained a short time later 
with the thrustor at the same operating condition and with the collector grounded. Iden- 
tical profiles were assumed to indicate similar charge distribution for each operating 
mode. 

t ra l izers  operating. The voltage difference between neutralizer bias and collector poten- 

torr)  (ref. 12). 

The ion-beam collector, when 

These plasma measurements are 

The physical location of the collector during these tes ts  was adjusted by metering the 

Neutralizer coupling to  the ion beam was measured by determining the potential dif-  

During the neutralization tests the existence o r  lack of local charge concentration in 

Neutralization tests were conducted with various combinations of thrustors and neu- 
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tial was noted for each combination or thrustor power level. The metered variables 
were observed on oscilloscope t races  and notations were made of the average values. 

Beam Spreading and Alinement 

Ion-beam spreading and direction were investigated by measuring ion current-density 
profiles in the exhaust beams. Ion-beam current-density profiles were obtained with the 
rake of impingement probes for both individual-unit and thrustor-array operation. Oper - 
ating conditions of each thrustor were recorded from panel-meter readings during the 
probe-arm survey. The ion-impingement currents from each probe during a survey were 
recorded on s t r ip  charts as the beam was traversed. 

RESULTS AND DISCUSSION 

In the discussion that follows, the interaction investigations between operating mod- 
ules at several  power levels will be described. 
eter are detailed. Ion-beam neutralization results for the a r ray  will then be considered 
followed by an examination of the exhaust-beam profiles. 

The effects due to each operating param- 

Th r ustor Interactions 

Evidence of thrustor interaction was sought because beam spreading from single 
modules usually exists to some extent, and the resultant conducting plasma could elec- 
trically connect the thrustor modules. Thrustor coupling (through the ion beam) to the 
vacuum tank walls has been noted for single-unit operation during low-neutral-density 
conditions, at or below pressure readings of 
accompanied by random sparks, particularly in the regions of the beam nearest to a con- 
ducting surface. As described in reference 13, these sparks introduced undesirable 
transients to the thrustor. 

torr .  This operation has been typically 

Interaction effects on accelerator performance were also investigated. Accelerator 
currents for the electron-bombardment thrustor consist, to some extent, of charge- 
exchange ions, as described in reference 14. Data were therefore obtained for the center 
thrustor alone and also under conditions of possible additional neutral propellant from 
nearby operating thrustors. 

Discharge voltage. - During interaction tests the steady-state operation of the cen- 
t e r  unit was monitored as either the discharge voltage or  the magnetic field of adjacent 
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thrustors was varied. Parameters  were investigated over a 4 to 1 range of propellant 
flow rates from the vaporizer. Impingement-probe t raverses  of the beam taken during 
interaction testing indicated that, at a distance of 1 meter from the accelerator plates, 
beam spreading had always occurred to the extent that adjacent thrustors were in com- 
munication. Data for the center thrustor during thrustor interaction tests are presented 
in table I for module beam currents near 0.25, 0.50, 0.75, and 1.00 ampere. The anode 
o r  net accelerating voltage was maintained at 4500 volts for all of the data in table I and 
for most of the data presented in the report. This value corresponds to a specific im- 
pulse (I = qUF/g) of about 5500 seconds. The data in table I are presented in sets, each 

consisting of three lines. In each set  the first line represents the center module, while 
the other two thrustors were operating at normal conditions and at nearly the same ion 
beam current. On the second line of the set the discharge voltage (runs 1 to 4) o r  the 
magnetic field (runs 5 to 8) were shut off for thrustor 1. On the third line the same pa- 
rameter was nulled for both thrustors l and 3. The center thrustor data were obtained 
with discharge voltages of 25 to 90 volts as the other two units were either functioning at 
normal operating conditions o r  had the plasma extinguished (AVI = 0). 

of the energy cost of producing a beam ion, because extraneous effects such as small 
fluctuations in thrustor operation and power -supply loading a r e  then minimized. The 
calculation was made according to the equation 8 = AVI(JI - JB)/JB. Values of energy 

dissipated in the discharge chamber in electron volts per  beam ion a r e  presented in 
table I. This energy loss for ion beams of 0.50 and 0.75 ampere from the center thrus- 
tor is plotted against discharge voltage in figures 9(a) and (b), respectively. Interaction 
effects were negligible, as evidenced by the small  spread of the data points between 
single and multithrustor operation. 
sent equally well either single-thrustor or  a r ray  operation. 

cluded in the data of table I and is represented by runs 5 to 8. Turning off the magnetic 
field on a particular unit would result in a reduced beam output for that unit (about 
20 percent of the value presented for JB on the first line of the data set). Data were 

obtained for the center thrustor as its magnetic field was varied over a range from about 
6.5 to 22.4 gauss as a nearly constant beam current was maintained. These data were 
taken with the magnetic field of the outer thrustors set  at either 14.5 o r  0 gauss. The 
polarity of the magnetic field was the same for all three units, and, therefore, the fields 
of the end units reduce the field at the center module slightly. By gaussmeter measure- 
ments, the center thrustor electromagnet currents presented in the table created a 
1.3-gauss axial magnetic field at the middle of the center thrustor screen for each am- 
pere of solenoid current. Figure 10 shows the discharge-chamber energy dissipation per  

8 

An indication of thrustor operation interaction can best be obtained by a calculation 

The faired curves in the figure, therefore, repre- 

Magnetic field. - The thrustor interaction due to magnetic-field variations is in- 



beam ion as a function of the electromagnetic current for the center module for beam cur- 
rents of 0.50 and 0.75 ampere. Some data spread was present and was thought to be due 
primarily to the lack of close regulation of the vaporizer temperature. Interaction ef- 
fects were negligible for the majority of the field strengths investigated. 

A consistent trend was noticeable at low levels of magnetic-field strength (about 
6.5 gauss) where the fields of the neighboring thrustors became significant with respect 
to the field of the center unit (about 4 percent of the field at the middle of the center elec- 
tromagnet, as determined by gaussmeter measurements). A slight interaction was 
always noticeable at the low field strength, as evidenced by a decreased discharge- 
chamber energy and subsequent beam-current increase as the adjacent thrustor magnetic 
fields were reduced (see table I, runs 5 and 6). This low field operation could not be 
conveniently achieved at beam currents of 0.75 ampere o r  above, since the emission cur- 
rent required at these conditions exceeded the capabilities of the cathode used. A steep 
region exists in the functional relation between discharge energy and magnetic field at 
low-field intensity (fig. lO(a)). A small field change could, therefore, result in a notice- 
able difference in thrustor operation. Interaction of this type for the field strengths in- 
volved was not normally noticeable on the less sensitive (high field strength) region of the 
curves. With a close two-dimensional packing of the thrustors in a large array,  how- 
ever, the effect might be more pronounced. 

Because thrustor operation itself is not sensitive to magnetic-field polarity, this 
magnetic-field interaction could be used to obtain a slight performance gain by placement 
of alternate polarity thrustors. The resulting increased magnetic field (7 to 13 percent) 
would improve the performance by reducing the discharge-chamber energy loss (20 to 
40 ev/ion). Appendix B contains a brief analysis of the magnetic-field-strength increase 
that might be realized under large a r ray  conditions. Final flight configurations of thrus- 
tor  arrays,  however, may utilize permanent magnetic thrustors of the type described in 
reference 15. In this type of unit, the magnetic field exterior to the ionization chamber 
is restricted to high permeability paths and would therefore not affect the neighboring 
thrustors. 

Although all possible thrustor interaction combinations a r e  not presented in the 
data of table I, a wide range of conditions was investigated during the approximately 
100 hours of a r ray  operation with no significant deviations from the results discussed. 
The results apply to steady-state conditions only, since transient effects were not inves- 
tigated. 

bombardment thrustor are usually of the order of 1 percent of the beam current. 
impingement current consists primarily of charge-exchange ions (ref. 14). The prox- 
imity of additional thrustors could produce an increased neutral density downstream of 
each module if  a cosine distribution of the uncharged propellant exists at the accelerator 

Accelerator ~~ interaction. - Accelerator impingement currents for the electron- 
The 
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surface.  
spreading pattern a r e  shown in sketch (a). 

The neutral propellant distribution for this assumed case and a typical beam 
If an additional supply of the low-velocity ion 

species were created within this downstream region and were 
attracted toward the accelerator surfaces, an interaction would 
be noticeable i f  the center thrustor accelerator current were 
monitored as alternate thrustors were turned off. Accelerator 
characterist ic curves were obtained in a manner s imilar  to that 

- of reference 9. Accelerator currents were obtained at constant 
values of R (where R is defined as VI/(VI + IVAl), the ratio of 

net to total accelerating voltage) at beam-current levels of 0.25 
and 0.50 ampere and are presented in table I1 (runs 9 and 10). 

JB were 

\ 

Neutral 
a y - - - k [ w v + " " t  

J distribution 

\ a--- /I 
'--/ 

(a) 

Runs 9a and 10a are for a r r ay  operation for which the total beam currents  

0. 75 (run 9a) and 1 . 5 0  amperes (run loa), while runs 9b and 10b are for the center 
thrustor operating alone. In this mode the vaporizers on thrustors 1 and 3 were cold (no 
propellant flow). 
the net accelerating potential for two values of beam current in figure 11. As the values 
of VI and IVA/ were lowered, keeping R constant, there was a sudden and steep rise 

in the accelerator impingement current. 
sheath shifted sufficiently to cause severe defocusing of the ion beams through the grid 
holes. 
rent, which could be attributed to an increase in charge-exchange ions, could be de- 
tected, since no consistent trend toward an increased accelerator current was present 
during three thrustor operations. Accelerator currents of 0 . 4  to 0 .7  percent of the beam 
current were obtained on the center unit with o r  without the other two thrustors operating 
while it was functioning in  the region of the curve where the plasma was correctly focused. 

The accelerator currents obtained for both modes a r e  plotted against 

This sudden rise indicated that the plasma 

From a comparison of the two modes of operation, no additional accelerator cur- 

Bea m -Ne ut r a  I izat ion Effects 

Neutralization interactions and effectiveness were investigated by monitoring the col- 
For each lector potential and the neutralizer emission current during thrustor operation. 

operating point, the following three observations were taken as evidence of a neutralized 
exhaust beam: 

(1) The absolute value of the emitted electron current equaled the ion-beam current, 
indicating current neutralization (E JB = JNE). 

(2) The potential of the floating collector (and thus the potential within the beam) was 

(No additional exhaust-beam spreading due to charge concentrations was evident. ) 
Before examining the data, a brief description of the potentials of interest and their 

close to  the neutralizer potential, indicating charge neutralization. 
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distribution will be useful for orientation purposes. The potential of the plasma along the 
length of the vacuum tank can be represented as shown in sketch (b). All voltages a r e  

measured with respect to ground. 
As described previously, with the collector 

4 1  VP voltage, trons in a manner similar to operation within a 

Net accelerating 

+-\ *'I Plasma voltage, Collector 

volt%le, ;Discharge voltage, 
floating, the neutralizers a r e  forced to emit elec- 

space environment. As long as charge neutral- 
ization is being accomplished, the tank plasma 
will be maintained at some voltage level Vp 

close to that of the neutralizer bias voltage VN. 

A reasonable assessment of neutralization effec- 
tiveness therefore might be simply that the poten- 

= 5 ' -iz$qy=::N:" I I 

8 I 
I 
I 

r -  I 
I 1: I 

- - - - - - - - - 

Distributor Screen I\, ' \Neutralizer -ctor 
\Accelerator 

(b) 
Axial distance 

tial difference between the neutralizer and plasma be low (of the order of 15 v). 
coupling between the plasma and the neutralizer can be expressed by the voltage differ- 
ence necessary to extract the required number of electrons for current neutralization. 
This potential difference Vp - VN can be measured accurately by the emissive-probe 

techniques described in reference 11. 
mately given by the potential difference between the ion-beam collector and the neutral- 
izer  Vc - VN. This coupling indication is approximate due to the presence of a plasma 

sheath at the collector surface that could affect the measurement reading by several 
volts. Since it was not considered within the scope of this project to make refined mea- 
surements of the state of neutralization o r  degree of coupling by the plasma potential but 
simply to ascertain whether neutralization was indeed being accomplished, the less  pre- 
cise method was used. 
values of plasma coupling. 
tive to the neutralizer bias, were obtained. It has been shown in reference 11 that a 
sheath can vary from about 0 to 7 volts above the collector potential depending on the 
coupling of the neutralizer to the beam. If a constant sheath voltage as high as 7 volts 
existed for the data presented in this study, the plasma voltage could have ranged from 
10 to 21  volts relative to  the neutralizer. 

The collector potential was obtained by recording oscilloscope t races  as half wave 
rectified heating current was applied to the neutralizer. Typical waveforms obtained 
with the collector floating a r e  presented in figure 12. Figure 12(a) is the neutralizer 
voltage waveform, while figures 12( b) to (d) represent the resulting collector voltages. 
There is no correspondence between time scales in figures 12(a) to  (d). The collector 
t races  correspond in order to the first three data points of run 13 (table ID). The col- 
lector potential for most of the data was defined by a level region, as can be seen in fig- 
ure 12(b). 

The 

As shown in reference 11, the coupling is approxi- 

The results listed in table III therefore represent approximate 
Levels of the collector voltage of 3 to 14 volts, positive rela- 

The effects of the potential gradient along the neutralizer during the heating 
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cycle are evidenced by the distorted half cycle sine wave. As the average value of the 
heating voltage of the neutralizer was reduced, cooling occurred to the extent that the 
neutralizer emission current might become temperature limited. As this happened, a 
rounding off at the end of the level region of the collector potential was evident. This 
rounding off occurred just prior to the heating cycle (fig. 12(c)). During some condi- 
tions, a fluctuation of the plasma voltage with time was observed in the collector wave- 
form (fig. 12(d)). Because this condition was observed only when the emission current of 
neutralizers 2 and 3 exceeded 0.50 ampere and the frequency of these small perturbances 
was 60 cycles per  second, it was assumed to be a neutralizer supply phenomenon and not 
an indication of an instability in the plasma. 

The data presented in table 111 represent single-thrustor operation with individual 
neutralizers functioning (run 11) and combinations of thrustor and neutralizer operation 
(runs 12 to 14). Most of the multiple-unit data was obtained at approximately 0.25 am- 
pere beam current per  thrustor with some 0.50-ampere beam data presented in run 14. 
Two-thrustor data a r e  presented in run 12 and three-thrustor data in run 13. 
tralization was achieved as long as a heated neutralizer was connected to the aggregate 
exhaust beam by the plasma of an operating module. Impingement probe traces,  taken 
under neutralized conditions, indicated that each individual exhaust beam spread to the 
exteilt that beam overlapping of any two thrustors always occurred within a distance of 
2 meters downstream of the accelerator plane. 

conditions set forth at the beginning of this section. The third condition was established 
by probe t races  obtained during floating-collector operation. These t races  were, within 
the accuracy of the measuring device, identical to the t races  obtained a short time later 
(2  to 3 min) with the collector grounded. Those obtained with the collector tied to ground 
represent a different mode of neutralization where secondary electrons were available 
over the collector surface. Because the probability of identical charge distribution with 
the resulting corresponding impingement probe t races  seemed small, agreement of the 
t races  under the two neutralization modes seemed to represent a lack of charge concen- 
tration in either case. Disturbing influences of the probe a r m  during the sweep were not 
noticeable in the collector waveform and were felt to be negligible. Beam spreading with 

the neutralizers unheated and the collector floating was 
easily detected by the method just described. Surpris- 
ingly, however, the thrustor operation was maintained 
in this condition. This was felt to be due to an ion 
charge concentration that was built up in front of the 
collector and contact by the beam with the vacuum tank 
walls was established as shown in sketch (c). For this 
case, however, thrustor operation was errat ic  with 

Beam neu- 

In each combination presented in table 111, neutralization was determined by the three 

Ion-beam cu r ren t  
r e t u r n  path to 
ground by way 
of tank wall 

+ +y concentration 
1 -Ion 

0 ++';,?++:;+: -Collector -.;:b - 

Thrustor J 
(c l  
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constant breakdown present and a high, noisy voltage level present on the collector. 

Collector-neutralizer potential differences of about 3 volts were obtained for each unit at 
a beam current of approximately 0.25 ampere. These voltage measurements a r e  plotted 
as a function of beam current in figure 13. 
charge-limited surrounded by a constant plasma voltage Vp at a plasma sheath radius r, 

the approximate neutralizer current in amperes can be obtained from an expression for 
the space-charge-limited current of a diode with long concentric cylindrical electrodes 
(ref. 16): 

In run 11 each of the neutralizers was operated in the space-charge-limited mode. 

Since the neutralizer was operating space- 

If the perveance C of the system remained constant, the plasma potential would vary 
with the emission current. A curve of constant perveance has therefore been faired 
through the data of figure 13. Constant perveance operation of the neutralizer is indi- 
cated within the accuracy of the data. Plasma sheath distances around the neutralizer 
would therefore be invariant, and the coupling of the beam to the neutralizer would be a 
function of the beam current. 

always capable of supplying the required electrons to achieve neutralization. When two 
or  more neutralizers were used, however, an interaction between them was evident. 
This interaction was primarily a result of the current neutralization requirement 

During multiple-thrustor operation, the neutralizers of operating thrustors were 

JB = 

JNE. Each neutralizer, therefore, contributed electrons in relation to  the tempera- 

ture at which it was operated and the extraction potential that was exerted by the plasma. 
Data for two-thrustor operation during neutralization testing a r e  presented in run 12 

(table 111) for several combinations of conditions. Best coupling to the plasma was always 
obtained when each thrustor was supplied electrons from its neutralizer. The coupling of 
each neutralizer to the beam was a function of the immersed-wire temperature, so  that 
the emission-current load on each neutralizer could be varied with the heating current 
cycle imposed on it. With two neutralizers operating, it was possible to have one oper- 
ating emission-limited, while the other was operating space-charge-limited. The 
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emission-limited current would operate according to  the Richardson equation (ref. 17): 

J N E = A T  2 e ~ / K , - ~ / K T  

When the neutralizers were operated in the space-charge-limited region, as de- 
scribed by equation ( l ) ,  an unbalance of emission current was noted. The neutralizer 
heated to  the highest temperature would always supply the greatest amount of current. 
Balanced operation (JB, = JNE, 1, JB, = Jm, 2, J = JNE, 3) could be achieved when 

B, 3 
approximately the same heating current was supplied to each strand of wire. This con- 
dition is believed to be due to an effective voltage that exists across  the plasma sheath of 
each neutralizer. This effective voltage is a function of neutralizer temperature that 
also affects the thermal velocity of the emitted electrons. A similar effect is analyzed in 
reference 18 for the case of a cylindrical diode. 

(table III). Various combinations of neutralizers and neutralizer-emission-current 
levels were used. Collector-neutralizer potential differences for this run a re  plotted in 
figaxe 14 as a function of the number of neutralizers being heated. Coupling is improved 
with the number of neutralizers used. As the emission-current load is balanced, a mini- 
mum collector-neutralizer is obtained with a fixed number of neutralizers operating. 

Some of the results obtained at low beam-current levels in runs 12 and 13 were re- 
peated for a higher beam current, and these results are presented in run 14. The re- 
sults obtained were similar to those at the lower beam-current level except for a slight 
increase in the collector-neutralizer voltage level, which might be expected if a constant 
neutralizer perve anc e existed. 

Plasma voltages indicated in these tes ts  represent satisfactory levels of coupling be- 
tween the neutralizer and the plasma. 
represent close electrical coupling, and their effect on thrust and power efficiency of the 
a r ray  is reduced, as is evident from the following one-dimensional relations 

Complete a r ray  operation at low levels of beam current is presented in run 13 

The lower values a r e  more desirable, since they 

F = m V =  2--(V - V ) JB E 
and 

pB 
rlp = - 

pT 

where 
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Since Vp is of the order  of 

tained under all of the beam-neutralization conditions examined. 
High values of the plasma potential represent high electron injection energies that 

possibly could be reflected in beam noise and subsequent communication interference. 
High values of plasma potential could also be detrimental to neutralizer lifetime due to 
charge-exchange erosion (ref. 19). 

In summary, neutralization was easily achieved during the operation of the thrustor 
array.  By comparative measurements, best control of the exhaust plasma was obtained 
when the neutralizer of each operating thrustor was functioning. 
neutralizer operation seemed small  from the standpoint of thrust and efficiency losses; 
however, neutralizer power efficiency and lifetime were not considered, because the 
neutralizers used were not optimum designs. Interaction among neutralizers was pres- 
ent in that the neutralizer at the highest temperature supplied the most electrons emitted. 
The plasma potential was affected by the number of neutralizers in operation. 

VI, small  reduction in the preceding expressions is ob- 

Penalties for single- 

Beam Spreading and Alinement 

Impingement probe t races  of the exhaust beam were obtained with the a r ray  oper- 
ating at beam-current levels of 0.25 to  1.00 ampere per thrustor. Ion-density profiles 
were recorded on s t r ip  charts as the rake of impingement probes was swept through the 
beam during individual-unit and thrustor-array operation. Panel-meter readings of the 
thrustor performance were also obtained during the probe sweep, and these data a r e  
presented in table W. A total of four surveys was taken for each run corresponding to 
single-thrustor operation of units 1, 2, and 3 and simultaneous operation of 1, 2, and 3. 
The operation of each ion chamber was unchanged during a run as ions were extracted 
from only one module o r  the entire array.  Ions could be accelerated from any desired 
module by the high-voltage switches shown in figure 3. 
mined for each impingement-probe sweep from the performance map of figure 9. Since 
Vp << VI, thrust of the a r ray  was calculated from the equation 

Propellant utilization was deter- 

Thrust levels as high as 0.393 newton were obtained. 

beam. These maps a r e  presented in figure 15 for the four levels of beam power for each 

15 
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thrustor. 
so therefore the intensity levels at zero and one on each contour map are appropriate. 
Some beam spread, skewness, and distortion were present in each case ana a r e  most 
clearly evident for single-thrustor operation. Since these conditions contribute toward 
the loss of thrust  and represent a perturbing force on the net thrust vector of the array,  
the magnitude of these effects was examined. 

with beam-current level. 
contour map are presented in figure 16 for the center thrustor operating alone. 
currents ranged from 0.25 to 1.00 ampere. 
these profiles to define approximately the beam spreading, since a well-defined beam 
edge did not exist. 
erence 10 and is defined by the equation 

Each profile obtained approached the zero-intensity base line asymptotically, 

Beam spreading was felt to be due to accelerator optics and was somewhat variant 

Beam 
Probe t races  for the probe passing closest to  the center of the 

A mean divergence angle was determined for 

This angle 0 was computed in a manner s imilar  to that used in ref- 

The integration was performed by dividing the profiles into small  annular segments, 
where the current to each segment is j,. The focal point from which the beam was  

apparently spreading was determined on the basis of an assumed uniform beam-density 
distribution at the accelerator plates. This focal-point distance is described by 

Distance from accelerator to kd- ---.A impingement probe plane 
Focal-point distance I 

surface 
- _  

ion density 
\ 

-\ -Ion beam 
profi le 

(d) 

sketch (d). The mean divergence angle for the profile can therefore be represented as 
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1 
x +  d jg2nh dx 

The same angle can be represented for the uniform exhaust profile as 

The focal point can be determined from the two preceding expressions as 

X d =  
3 - ( N )  - 1 

25 

The mean divergence angle and focal-point distance a r e  included in the following table for 
the probe t races  presented in figure 16. Integrated beam current and beam skew angles 
determined from the beam-contour maps a r e  also presented. The skew angle was deter- 
mined as shown in sketch (e). The values listed in the table represent a loss of less  than 
1 percent in thrust due to the combined beam offset or  skew and spreading. The beam 

Skew of 
offset angle 

(e) 

offset, however, results in a perpendicular 
thrust component of about 9 percent of the 

Centerline 
of exhaust axial thrust. 
profi le 

Shifting of the accelerator grid with re-  
spect to the screen grid was considered to be 
the principal contributing cause of the skew 
of the ion beam. 

Centerline 
of thrustor  

The shifting could have 
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Ion-beam 
current 

(metered), 

0.265 
.496 
.752 
.975 

Beam current 
(integrated), 

JB’ 
amp 

0.192 
.359 
.640 

1.034 

Skew 
angle, 

deg 

5.13 
5.73 
6. 28 
5.73 

5. 17 
4.92 
4.55 
6. 25 

~ 

been caused by (1) variations due to 
tolerances in the mechanical support 
structure for the grid insulators 
(2) alinement of thrustor modules and 
ar ray  within the mounting structure, 
(3) lack of rigidity in the method used 
for fastening the molybdenum grids to 
the stainless-steel supports, or 
(4) thermal expansion of grids and sup- 

port structure as the operating temperature was approached. Grid spacings of 0.25 cen- 
timeter were used in the tests presented, and misalinement of up to 0.03 centimeter was 
possible. An improved design of the accelerator support structure could reduce this 
misalinement to 0.005 centimeter o r  less. The contours presented in figure 15 exhibit 
randomly skewed beams with major shifts in direction between runs due to relocation of 
the grids during maintenance and minor shifts in the support mechanism due to thermal 
effects. Distortion (lack of symmetry) of individual thrustor profiles was probably the 
result of thermal warping of the accelerator and screen grids due to impingement current 
and radiated cathode power. 

The results of individual thrustor operation could be superimposed to provide the re- 
sults of complete-array operation, as is somewhat apparent from the profiles of single- 
and multiple-thrustor operation. Single-probe t races  best illustrate this point, however, 
and therefore the current to  probe 8 during run 17 is presented in figure 17. The density 
contribution from thrustor 1 is negligible at this probe location. Superposition of the cur- 
rent probe trace obtained during single-thrustor operation on a t race of multiple-unit 
operation showed the two profiles a r e  in good agreement. 

Present laboratory thrustors will require some development from the standpoint of 
thermal s t r e s s  relief and an improved support method for the accelerator grid in order 
to present a well-directed exhaust profile. Some small thrust skew will still be unavoid- 
able, but the offset component of thrust on a large array due to the multiple random off- 
se t s  will probably be quite small. Scheduling of power levels to various modules in the 
a r ray  could correct for this offset or thrust misalinement. 

SUMMARY OF RESULTS 

The following results were obtained from an investigation of the operation of an 
array of three 20-centimeter-diameter electron-bombardment ion thrustors with mercury 
as the propellant: 

1 . No appreciable steady-state interaction was observed between thrustors that could 



be attributed to  ion-chamber operating conditions or exhaust-beam density. 

noticed at low values of magnetic field. 

ment currents. 

type neutralizers that were connected to  the exhaust beam by a plasma. 

neutralizer would supply most of the electrons. The potential level of the plasma was a 
function of the number of neutralizers used. 

2. Slight thrustor interaction due to magnetic-field strength of adjacent thrustors was 

3. The proximity of operating thrustors did not cause additional accelerator impinge- 

4. Neutralization of the a r ray  could be achieved with any or all of three immersed- 

5. Interaction was present among neutralizers, inasmuch as the highest temperature 

6. Beam spreading and thrust-vector misalinement were present and represent a 
small  thrust loss and a perturbing force that may require compensation in flight arrays.  

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, October 28, 1964. 
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APPENDIX A 

SYMBOLS 

A 

a 

B 

C 

d 

8 

F 

g 

I 

JA 

JB 

jB 

JE 

JF 

JH 

JI 

JN 

J~~ 

J~~ 

J~~~ 

20 

Dus hman* s constant ; theor et ic a1 
value is 120 amp/(cm3(OK2) 

solenoid radius, n 

magnetic-field strength, gauss 
perveance, amp/v 3/2 

focal-point distance, n 

discharge chamber energy dissi- 
pated per beam ion, ev/ion 

thrust, newtons 

gravity constant, 9.81 m/sec 

specific impulse, sec  

accelerator impingement cur- 

2 

rent, amp 

ion-beam current, amp 

ion-beam current density, 
ampjm' 

emission current, amp 

filament heating current, amp 

boiler heating current, amp 

anode current, amp 

magnetic-field current, amp 

neutr a1 propellant flow rate, 
equivalent amp 

neutralizer heating current, amp 

neutralizer emission current, amp 

space -c harge - limit ed neutralizer 
emission current, amp 

JSD 

J+ 

J+ 

JA 

JB 

K 

L 

P 

m 

m/s 

(N)  

n 

pB 

pT 
R 

r 

T 

screen-distributor current, amp 

thrustor current, JB + JA, amp 

total thrustor current for array,  

c J+ = J+, 1 + J+, 2 + J+, 3' 
amp 

total acceleration impingement 
current for array,  JA = 

JA, 1 + JA, 2 + JA, 3' amp 
total thrustor beam current for 

array, 
+ JB, 3,  amp 

JB = JB, 1 + JB, 2 

Boltzmann's constant, 8.6X10 5 

ev/ O K 

length of thrustor 

length of emitting neutralizer, m 

mass flow rate, kg/sec 

mass -to -charge ratio, 
2. 08X10-6 kg/coulomb for Hg"' 

number of turns in thrustor 
solenoid 

beam power, w 

total power input to thrustor, w 

ratio of net to total accelerating 

plasma sheath radius, m 

neutralizer temperature, OK 



vA 

VC 

vF 

vH 

vM 

vN 

VP 
- 
V 

X 

Z 

a 

accelerator voltage, v 

collector voltage, v 

filament heating voltage, v 

boiler heating voltage, v 

net accelerating voltage, v 

discharge voltage, v 

magnetic-field voltage, v 

neutralizer bias voltage, v 

plasma voltage, v 

average ion velocity, m/sec 

distance from accelerator sur-  
face to impingement probe 
plane, m 

solenoid cylindrical coordinate 

temperature coefficient of work 
function, ev/O K 

P 

VP 

TU 
e 

x 

P 

5 

function of ratio of radius at any 
point to neutralizer radius 

thrustor power efficiency 

propellant - utilization efficiency 

mean divergence angle, deg 

distance from axis of thrustor 
to incremental area, m 

permeability 

beam exhaust diameter at thrus- 
tor,  m 

solenoid cylindrical coordinate 

work function at T = 0" K, ev 

a rea  in ion density plane, m 2 

Subscripts : 

1 , 2 , 3  corresponding thrustor 
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APPENDIX B 

CALCULATION OF MAGNETIC-FIELD-SUPERPOSITION EFFECTS 

It is possible to  a r r ay  a group of ion thrustors in several  ways. Thrustors utilizing 
magnetic-field windings for an N-unit a r ray  could be arranged with alternating polarity 
magnetic fields in a rectangular o r  equilateral triangle pattern as shown in the sketches 
(f) and (g). The magnetic field at adjacent thrustors may be determined either by using 

3 . 1  

1 .79  

-. 08 

-. 03 

--. 03 

the Biot-Savart law or by defining the vector potential 
and performing the necessary curl  operation. The latter 
method was used in reference 20 for a wide range of 
geometric variables for  a finite solenoid. Each thrustor 
magnet winding may be approximated by the model 
shown in sketch (h) . 

typical thrustor geometry, it is possible to evaluate the 
field strength present at the screen of each thrustor. 
For L/a = 2 and a spacing between thrustors of 2.2 a 
(representative of the thrustors used in this report) the 
axial field B, is presented in the table at the left for 

several values of radial position p at 2Z/L = 1. By 
assuming an equal current and number of turns on each 
module and by using the superposition principle, the 
magnetic field can be determined for the center thrustor 
for the cases presented in sketches (f) and (g). 
first case, the magnetic field on the axis of the screen at 
the center thrustor for  an N-module a r ray  can be ex- 
pressed as the sum of the axial components of each sole- 
noid as 

By using the plotted results of reference 20 for a 

For the 

Bz,axis = 1 + 2 +Bz ,3  + Bz,4 + * . * z, N 

> 4, opposite polarity as solenoid 

79 - 4(0.08) + 4(-0.03) - 

= 2.02 X 4pnJM 
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The ratio of field strengths at the center thrustor is therefore 

Bz, total - 2.02 
Bz, single 1.79 

-- 

= 1.13 

For the case illustrated in sketch (g), 

- 4(0.08) + 2(-0.08) - 

= 1.91 X 4pnJM 

The ratio of field strengths is 

Bz, total - I. 9 1  

Bz, single 1.79 
-- 

= 1.07 

It is therefore possible to increase the magnetic field at the screen from 7 to  13 percent 
by using the thrustor arrangements of sketches (g) and (f), respectively, compared with 
the single- thrustor field. 
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TABLE I. - ION-CHAMEES P E R F O W C E  OF CENTER THRUSTOR 

[ I n t e r a c t i o n  d a t a  for e f f e c t s  of d i scha rge  vo l t age  and magne t i c - f i e ld  d i s tu rbances  of o u t e r  t h ruu -  
t o r s  on c e n t e r  t h r u s t o r .  N e t  a c c e l e r a t i n g  vo l t age ,  4500 v o l t s ;  a c c e l e r a t o r  vo l t age ,  -1500 v o l t s . ]  

Thrus to r s  
o p e r a t i n g  

_ _ ~  ~ 

0.249 0.001 5.4 
192 40 -249 .001 5.5 

.249 -001 5.1 

Dis- Ion- Accel- Anode Emis- Mag- 
charge  beam e r a t o r  cur -  s i o n  n e t i c -  

vo l t age ,  cur -  cur -  r e n t ,  cur -  f i e l d  
AVI, r e n t ,  r e n t ,  JI, r e n t ,  c u r r e n t ,  

v JB. JA, amp JE, JM, 
amp amp amp amp 

1 li?;3 I 70 0 261 0 001 4.4 
70 I :26l1 :OOll 4.0 

0.736 
-721 
-711 

0.751 
.746 
.736 2 1  70 I .2591 .OOll 4.0  

I I I 1 

- 1  
0.009 9.8 

-009 9.4 
-009 9.5 

0.009 9.9 
-009 10.0 
.009 9.8 

1,2,3 
1 ,2  

90 0.264 0.001 4.0 
90 .259 .001 4.0 
90 .259 -001 3.9 

7.8 
7.7 
7.7 

7.5 
7.3 
7.3 

1 ,2 ,3  
1,2 

1,2 ,3  
1 , 2  

1 , 2 , 3  
1 > 2  

1 , 2 , 3  
1 , 2  

25 0.493 0.007 11.: 
25 .498 .007 1 1 . 2  
25 -493 .007 11.: 

30 0.509 0.006 10.: 
3 0  -518 .007 10.1 
30 .509 .006 10.1 

40 0.508 0.007 8.8 
40 -533 .0071 8.6 
40 -519 .006 8.6 

50 0.503 0.007 8.0 

50 .489 .006 7.5 
50 .489] .006l  7.5 

~ 

Emi s . 
s i o n  

r e n t ,  
C U T -  

JE> 
amp 

1.003 
-975 
-964 

0.966 
-917 
.926 

7.4 
7.4 
7.4 

5.0 
5.0 
5.0 

' I  0.017 19.6 19 . t  
.015 19.2 19.€ 
,016 19.0 19.t 

0.014 15.6 15.C 
.013 15.4 15.2 
.014 15.4 15.C 

2.7 
2.8 
2.6 

2.8 
2.8 
2.8 

2.0 
2.1 
2.2 

2.2 
2.1 
2.1 

10.6 
10.3 
10.6 

0.987 
.942 
.951 

8.7 
8.6 
8.6 

6.6 
6.4 
6.4 

5.4 
5.0 
5.0 

4.9 
4.8 
4.7 

4.2 
4.2 
4.2 

4.0 
4.0 
4 .0  

0.023 15.6 12.6 
.018 15.0 12.5 
.019 15.0 12.6 

cu r ren t ,  energ! 
amp JMj /ev/ ioi  8, 

1 , 2 , 3  
1,e 

~ 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

90 0.503 0.007 7.8 
90 -498 .007 7.6 
90 .493 .007 7.6 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

779 
766 
760 

827 
844 
779 

877 
860 
869 

862 
880 
873 

1110 
1003 
1011 

1093 
1140 
1012 

1275 
1300 
1265 

548 
537 
548 

577 
555 
566 

653 
605 
622 

744 
716 
716 

871 
859 
859 

996 
9 67 
967 

1304 
1281 
1299 

25 
25 
25 

30 
30 
30 

50 
50 
50 

60  
60 
60 

70 
70  
70 

~ 

80 
80  
80 

90 
90 
90 

__ 

1,2 ,3  40 
1 , 2  1 40 

40 
I 

Run 3 

0.751 .7311 0.009 -009114.2 14.3 

-721 .009 14.1 
I I 

0.771 .7gi1 0.009 .009114.4 14.6 

.781 ,009 14.6 

0.751 0.009 .oog/ io .o  10.2 

-721 -009 10.0 

0.730 .710J 0.010 _oloJ 9.7 8.8 

.700 -010 8.8 

0.740 0.010 9.6 

.710 .010 9.3  

. 7 ~ 1  .o101 9.4 

Run 4 

16.1 
16.0 
15.8 

15.8 
15.6 
15.6 

10.0 
10.0 
10.0 

9.2 
9.0 
9.1 

8.8 
9.1 
8.9 

8.3 
7.8 
7.8 

7.9 
7.8 
7 .8  

~ 

0.983 .9611 0.022 .0191 24.6 24.41 27.c 26.C 

-960 .020 24.2 26.2 

0.984 0.016 16.0 15.1 

e965 ~ 0 1 6  15.7 14.7 
. w o /  . O E /  15.71 i4 .e  

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

11.0 
11.0 
11.0 

Dis- I chargm 
chamb, 
energ; 

8, 
ev/ioi 

457 
461 
464 

538 
517 
531 

629 
629 
644 

739 
7 23 
742 

853 
868 
862 

984 
912 
926 

1077 
1076 
1089 

600 
609 
606 

556 
560 
560 

605 
633 
626 

7 63 
758 
761 

897 
897 
879 

1184 
1189 
1179 
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‘ I  r 

Accel- 
e r a t o r  

cur- 
r en t ,  
JA, 
amp 

TABLE I. - Concluded. ION-CHAMBER PERFORMANCE OF CENTER THRUSTOR 

[ I n t e r a c t i o n  da ta  for e f f e c t s  of d i scharge  vol tage  and magnetic-field d is turbances  of ou te r  th rus-  
t o r s  on cen te r  t i r u s t o r .  Net acce le ra t ing  vol tage ,  4500 vo l t s ;  acce l e ra to r  vo l tage ,  -1500 vo l t s . ]  

Anode 
cur- 

r e n t ,  
JI. 
amp 

D i s -  I Ion- Edis- 
s i o n  
cur- 
r en t ,  

JE, 
amp 

rh rus t  or8 
>pera t  i n g  

Mag- 
ne t i c -  
f i e l d  

cur ren t ,  
JM, 
amp 

Z m i s -  
3ion 

cent 
3 u r -  

JE, 
amp 

D i e -  
charge 
o l tage ,  

AVI, 
v 

Ion- 
beam 
cur- 
r e n t ,  
JB. 
amp 

cce l -  
r a t o r  
cur- 
r e n t ,  

JA’ 
amp 

Anode 
cur- 

r e n t ,  
JI, 
m P  

0.001 
.001 
.001 

0.001 
.001 
.001 

0.001 
.001 
-001 

0.001 
.001 
.001 

4.1 
4.0 
4.0 

4.1 
4.0 
3.8 

4.0 
3.8 
3.6 

3.8 
3.9 
3.9 

Tiirustors 
opera t ing  

Mag- 
n e t i c  
f i e l d  
w r e n  
JM, 
amp 

_____ 

5.0 
5.0 
5.0 

7.0 
7.0 
i .0 

9.0 
9.0 
9.0 

11.0 
11.0 
11.0 

13.0 
13.0 
13.0 

15.0 
15.0 
15.0 

17.0 
17.0 
17.0 

~ 

_____ 

5.0 
5.0 
5.0 

9.0 
9.0 
9.0 

11.0 
11.0 
11.0 

13.0 
13.0 
13.0 

15.0 
15.0 
15.0 

17.0 
17.0 
17.0 

______ 

charge 
chamber 

ev/ion 

energy, 

______ 

0.249 
.274 
-279 

0.259 
.259 
,249 

0.249 
.259 
.249 

0.264 
.259 
.264 

0.269 
264 
249 

0.274 
.249 
.229 

0.254 
.249 
.259 

Run 5 

0.001 

0.001 

50 
50 
50 

50 
51 
5 1  

50 
50 
50 

50 
50 
50 

50 
5 1  
51 

50 
50 
50 

50 
50 
50 

9.6 
10.0 
9.8 

5.0 
5.0 
5.0 

3.3 
3.0 
3.0 

3 .1  
3.1 
3.1 

3.1 
3.0 
3.0 

3.0 
3.0 
2.9 

3.0 
3.0 
3 .0  

2040 
1922 
1822 

50 
50 
50 

50 
50 
50 

50 
50 
50 

50 
50 
50 

50 
50 
50 

50 
50 
50 

~~ 

50 
50 
50 

50 
50 
50 

50 
50 
50 

50 
50 
50 

50 
50 
50 

50 
50 
50 

7.0 1337 
7.0 I 1335 
7.0 1354 

0.739 

0.746 

.756 

0.760 
.750 
.740 

0.728 

1110 
1092 
1137 

9.0 855 

9.0 811 
9.0 1 819 

;- 11.0 794 
722 
754 

728 
722 
728 

0.008 11.2 8.1 
.008 11.2 8.1 
.008 I I  10.9 8.5 

13.0 701 
13.0 I 691 
13.0 671 

E:: 
15.0 

0.009 .oogl 11.0 l l . o j  4;: 
.010 10.7 

7 12 
722 
727 

679 
713 
736 

699 
733 
704 

~ 

~ 

__ 
__ 
2020 
1982 
1875 

986 
988 
997 

847 
798 
768 

857 
798 

~ 

~ 

__ 

8% 

815 
775 
7 67 

0.010 10.3 7.4 
.011 10.0 7.8 
. O l O l  9.61 7.5 

17.0 657 
17.0 I 642 
17 .0  647 

Run 8 

0.985 
1.025 
1.063 

0.966 
-946 

1.024 

0.987 
.997 

1.005 

0.972 
.962 
.972 

0.966 
.964 
.965 

0.368 
.965 
.974 

0.015 
.015 
.017 

0.014 
.014 
.021 

0.023 
-023 
.025 

0.028 
.028 
.028 

0.034 
.036 
.035 

0.032 
.035 
.036 

26.6 
27.0 
27.0 

18.6 
18.4 
18.8 

15.6 
15.7 
15.8 

~ 

~~ 

24.4 
25.0 
25.0 

7.0 1300 
7.0 I 1268 
7.0 I 1222 

_____ 

20.5 
21.7 
21.0 

16.4 
17.2 
17.4 

14.0 
14.6 
14.6 

_____ 

9.0 912 

9.0 868 
9.0 I 919 

50 0.502 0.003 

% 1 ::::I ::z 10.4 
10.0 
10.0 

9.0 
8.6 
8.3 

9.2 
8.6 
8.9 

8.6 
8.2 
8 .2  

8.8 
8.7 
8.6 

7.4 
7.1 
6.9 

7.4 
7.0 
7.7 

6.9 
7.0 
6.9 

15.0 I 736 

14.2 
14.0 
14.0 

13.4 
13.0 
13.0 

13.0 
12.8 
12.8 

12.2 
13.0 
13.0 

11.6 
12.4 
12.4 

11.2 
12.4 
12.4 

13.0 67 9 
13.0 1 676 
13.0 669 

50 0.502 0.003 zg I S:; I .003 
.003 

50 0.507 0.003 
50 .507 .003 
50 .487 .003 

50 0.497 0.003 
50 .497 .003 
50 .502 .003 

~ 

1 
15.0 642 
15.0 I 622 
15.0 622 

17.0 620 
17.0 612 
17 .0  1 606 

50 0.511 0.004 

2; 1 :::;I .004 .004 

7.6 
7.4 
7.4 

6.0 
6.0 
6.0 

693 
688 
704 1 
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I 

E m i  5 - 
s i o n  

cu r r  ent  , 

~ 

~ 

~ 

~ 

~ 

~ 

I 1  1 1 1  I 11111 

~ 

2 

I 

4000 
2800 
2600 
2400 
2300 
2200 

2 6000 
4500 
4000 
3700 
3600 
3500 
3400 

TABLE 11. - ACCELERATOR PERFORMANCE O F  CENTER THRUSTOR 

[ I n t e r a c t i o n  d a t a  f o r  e f f e c t s  of o u t e r  t h r u s t o r  operat ion on 
cen te r  t h r u s t o r .  Discharge vol tage,  50 v o l t s ;  magnetic- 
f i e l d  cu r ren t ,  11 amperes (magnet ic-f ie ld  s t r eng th ,  about 
14.5 gauss ) .  1 

Acceler- 
a t o r  
v o l t -  
age, 
VAJ 
V 

Ion-bean 
current ,  

amp 
JB’ 

Ac c e l e r -  
a t  or 

c u m  ent  , 

amp 
JA, 

Anode 
:urrent  , 
JI 9 

amp l v  
Run 9a 

1.7 
1.8 
1.9 
2.1 
2.3 
2.4 
2.7 
2.8 _ _ _ _  

5400 
4800 
4400 
4000 
3600 
3200 
2800 
2600 
2500 
2400 
2300 
2200 

- 13 60 
-1200 
- 1100 
- 1000 
-900 
-800 
-700 
- 650 
- 625 
- 600 
-580 
-550 

0.250 
.251 
-255 
-255 
.252 
.247 
.255 
-250 
.251 
-250 
-249 
.245 

0.0018 
-0019 
* 0019 
.0018 
-0018 
.0017 
.0019 
,0027 
-0030 
-0051 
-007 0 
.OlOO 

2 -2 
2.3 
2.5 
2.7 
2.9 
2.9 
3-4 
3.4 _ - _ _  

---- 
--_- 
_ _ _ _  

Run 9b 

- 1000 
-700 
- 650 
- 615 
-575 
-545 

0.252 
.250 
.250 
.255 
.249 
.258 

0.0018 
.0017 
.0022 
.0033 
.0047 
.0093 

1.8 
2.4 
2.5 
2.5 
2.5 
2.6 

2.4 
3.0 
3.2 
3.3 
3.3 
3.5 

Run 10a 

0.478 
.483 - 483 
.521 
-503 
.502 
.515 
.464 

0.0023 
-0021 
.0024 
.0044 
.0054 
-0079 
.0150 
-0560 

7.1 
7.1 
8.6 
8.6 
8.8 
12.9 
13.5 
13.0 

-1500 
-1340 
- 1240 
-1200 
-1150 
-1120 
-1100 
-1060 

8.8 
9.0 
10.5 
10,6 
10.9 
14.5 
15.5 
14.6 

1,293 

3500 
3400 

Run 10b 

- 2000 
-1500 
-1330 
-1250 
-1200 
-1150 
-1120 
-1105 
-1060 
-1030 

0.513 
.483 
.493 
.487 
.499 
.502 
,496 

0.0020 
.0019 
.0027 
.0033 
.0064 
-0083 
.0088 
.0092 
.0147 
-0371 

10.6 
10.7 
11.5 
12.6 
15.3 
15.4 
15.3 
15.1 
16.5 
16.7 

9.3 
8.4 
11.2 
11.5 
14.8 
14.8 
14.8 
14.6 
16.4 
16.5 

3300 
3200 1 3100 

.471 

.490 
-473 

I 
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TABLE 111, - NEUTRALIZATION DATA FOR SINGLE- AND 

MULTIPLE-THRUSTOR OPERATION 

0.255 0.230 
0 -240 
0 0 
0 .310 
0 -490 

.280 0 

.500 0 
0 0 

.350 0 

.Net accelerating voltage, 4500 volts; accelerator 
voltage, -1500 volts; discharge voltage, 50 v o l t s ;  
magnetic-field current, 11 amperes (magnetic-field 
strength, about 14.5 gauss); neutralizer bias v o l t -  
age, 20 volts. ] 

0 4 
-255 4 
.480 7 to 8 
-190 6 

0 9 
-220 4 to 5 

0 6 to 8 
.490 6 to 8 
.150 6 to 7 

0.250 
0 
0 
0 
0 
0 

0.270 
0 
0 
0 
0 

-250 
.245 
.250 
.255 

~~~ 

0,275 
-255 
-240 
.235 
-245 
.255 
.245 
.250 
.240 
.245 
.245 
-245 

0.510 
.520 
.250 
.520 
.530 
.510 
-480 
.486 

JB, 
arrp 

0 
.243 
e 285 
.510 
.830 

0 

~ 

0.240 
-250 
-255 
.260 
.250 

0 
0 
0 
0 

0 
0 
0 
0 

-480 
.590 
.520 
.500 

Thrust or 1 Ne[tr;lizyr I Collector t o  
neutralizer 
potential 
difference , 
vc - vN, Neutralizer emi s- 

l 2  I 
Ion-beam current, 

sion - current, TI 

0.480 
.980 

0 
.780 
-450 

1.150 
.220 
.300 

0.255 
.250 
.255 
.250 
.245 
.265 
-250 
.255 
.245 
-250 
.245 
-250 

~ 

0 
0 
0 
0 

.550 

.230 

.goo 

.300 

0 
0 
0 
0 
0 

.260 

0 
.255 
.245 
-255 
-245 
.265 
.260 
.260 
-260 

0.265 
.250 
-255 
.253 
-250 
.265 
.245 
.255 
.250 
.250 
-260 
-250 

0.530 
.515 
-520 
-510 
-500 
.580 
.480 
.500 

0.260 
-730 

0 
0 

0 
0 
0 

.340 

-270 
.120 
.130 
* 210 

0.260 
0 

.7 25 
0 

-390 
-390 
-490 
.280 
-380 
.480 
.400 
-420 

Run 14 

I 

0.240 
0 
0 

0 
.780 

-360 
.230 
.460 
.120 
-130 
.200 
.110 

0.530 
0 
1.010 

-200 
.470 
-230 
.180 
.820 

4 
11 

11 to 14 
9 to 10 

7 
7 
9 

7 to 8 
6 

8 to 9 
7 to 8 
7 to 8 

4 t o  5 
9 t o  10 

8 
8 to 9 
7 to 8 

12 to 13 
10 to 13 

8 to 10 
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TABLE IV. - THRUSTOR OPERATION DURING BEAM-DENSITY SURVEY 

1 2 . 3  
11.6 
10 .2  

12 .6  
10.0 
10 .5  

- 

[Net a c c e l e r a t i n g  vol tage 4500 volts; a c c e l e r a t o r  vol tage,  -1500 v o l t s ;  
discharge vo l t age  50 v o l t s ;  magnetic-f i e l d  cu r ren t  11 amperes (magnetic- 
f i e l d  s t r eng th ,  about 14.5 gauss)  ] 

9 . 3  
11.3 
10.0 

9.4 
9.9 

10 .3  

r e n t ,  

22.5 
13.9 
15 .0  

i J p J  3 E 

18.2  
12 .0  
14.8 

Ac ce l e r -  
a t  or 

impinge- 
ment 

cu r ren t  
JAJ 
amp 

~ 

1 

1 

0.495 

-495 

0.0048 
.0040 
.0052 

0.0053 
-0025 
-0045 

- ~ .  - ~ 

0.736 0.0250 
.7521 -0083 
.724 .0026 

0.713 0.0170 
.7311 .0090 
,7001 ,0025 

I 

-0200 
-0660 

.0170 

Anode 
:urrent 

amp 
JI J 

3 .8  
3 . 6  
3.6 

3 .9  
4 . 3  
4.0 

8 . 1  
8.9 
6.2 

8 .2  
8 . 4  
7.7 

.. 

E m i s -  I Thrus- 
s i o n  

cu r ren t ,  
JEJ 
amp 

Run 15 

3 .4  
3 .0  
3 .0  

3 .4  
3 . 6  
3.1 

Run 1 6  

6.9 
7 .0  
5 .1  

6.9 
7.0 
6.4 

Run 17 

t o r  

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

1 
2 
3 

Propellant 
u t  i l i z a -  

t i o n ,  
e f f i -  

ciency 
VU 

0.90 
- 8 5  
.85 

}0.85 

0.85 
.85 
.75 

}O. 85 

0.80 
- 8 5  
- 8 0  

}0.80 

0 . 9 0  
.85 
.85 

}0.85 

Thrust 
FJ 

newtons 

0.036 
.036 
-035 

0.103 

0.068 
.068 
.068 

0.204 

0.100 
,103 
.099 

0.293 

0.130 
-133 
-128 

0.393 

Spec i f  i c 
impulse 

I, 
sec 

6030 
5700 
5700 

5700 

5700 
5700 
5020 

5700 

5360 
5700 
5360 

5360 

6030 
5700 
5700 

57 00 
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Th in  

CD-7677 

Figure 1. - Cutaway drawing of 20-centimeter-diameter electron-bombardment ion thrustor. 
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Figure 2. - Installation showing three-thrustor array in thrustor compartment. 
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Magnet ic-field coi l  
(around thrustor)  

JM 

Mag net ic- 
field 
supply 

field 

field 

J 
& 

Anode 
potential 

- 

Circuit 
breaker 

- * - 

Figure 3. - W i r i n g  diagram for array of three ion  thrustors. 

Ion beam 

heating 

J P  

Neutralizer 
heating 
supply r 

Neutralizer 
heating 

) 
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Figure 4. - Cutaway view of vacuum facility. 
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Figure 5. - Vacuum tank in te r io r  before installation of ion-beam collector and thrustor  array. 
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208 cm-- 

Figure 6. - Location of impingement-probe rake in relation to  thrustors. Probe surfaces are 
1 meter from accelerhtor surfaces. 

d i n n e d  cryobaffle 
Vacuum 

Figure 7. - Schematic diagram of vacuum chamber and beam instrumentation. 
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.4 
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1.6 1.8 

Figure 8. - Ion-beam - propellant flow characteristics at constant emission (ref. 7). Net accelerating 
voltage, 4000 volts; accelerator voltage, -lo00 volts; discharge voltage, 50 volts; magnetic-field 
strength, 17.2 gauss. 

l r r  
- Th r u stor s 

operating 

f 

"T r I 
80 100 

(a) Ion-beam cu r ren t  per operating thrustor, (b) Ion-beam cu r ren t  per operating thrustor, 
0. H) ampere. 0.75 ampere. 

Figure 9. -Energy dissipated in ion chamber of center thrustor  as function of its discharge voltage wi th  
thrustors  1, 2, and 3 operating. Net accelerating voltage, 4500 volts; accelerator voltage, -1500 volts; 
discharge voltage, H) volts on thrustors  1 and 3 when operating, otherwise z e r q  magnetic-field 
strength, 14.5 gauss. 
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2200 

I 
I /  I 

Thr ustors 
operating I 

0 1,2,3 
0 1,2 -- 
0 2  

______--__ ~- __ 
4 6 a 10 12 14 16 ia 6 a 10 12 14 16 la 600 - 

Magnetic-field current, J M  amp 

(a) Ion-beam current per operating thrustor, 0.50 ampere. (b) Ion-beam current  per operating thrustor, 0.75 ampere. 

Figure 10. - Energy dissipated i n  ion chamber of center thrustor as function of its magnetic field with thrustors 1, 2, and 3 operating. Net accelerating 
voltage, 4500 volts; accelerator voltage, -1500 volts; discharge voltage, 50 volts for a l l  thrustors; magnetic-field current, 11 amperes on thrustors 1 
and 3 when operating, otherwise zero. 



\ 
3500 

Thrustc 
operat i i 

4000 4500 

21 

0 
5000 5500 2ooO m 
Net accelerating voltage, VI, v 

% 3000 
3500 

(a) lon-beam current  for operating thrustor, 0. H) ampere. 

Figure 11. - Accelerator impingement cu r ren t  for center t h rus to r  as function of net accelerating voltage for single- and three-thrustor operation. 

(b) lon-beam cu r ren t  for operating thrustor, 0.25 ampere. 

Discharge voltage, 50 volts; magnetic-field strength, 14.5 gauss. 

0 

(a) Neutralizer voltage. 

0 

(b) Collector voltage for three-thrustor 
operation. Neutralizer emission c u r -  
rents of l, 2, and 3 approximately equal. 

:Temperature effect 

rent approximately equal to total beam 
current. 

(d) Collector voltage for three-thrustor 
operation. Neutralizer 2 emission c u r -  
rent approximately equal to total beam 
current. 

Time 

Figure 12. - Typical waveforms for neutralizer and collector voltage. 
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a 

6 

4 

2 
. 2  . 4  .6  .a 1.0 

Ion-beam current, JB, amp 

difference as function of ion-beam cu r ren t  
for single-thrustor operation. Net acceler- 
ating voltage, 4500 volts; accelerator voltage, 
-1500 volts; discharge voltage, 50 volts; 
magnetic-field current, 11.0 amperes. 

Figure 13. - Collector-neutralizer potential 

1 
Number of neutral izers emitting 

Figure 14. - Collector-neutralizer potential 
difference against number of neutral izers 
emitting dur ing three-thrustor operation. 
Net accelerating voltage, 4500 volts; accel- 
erator voltage, -1500 volts: discharge vol- 
tage, 50 volts; magnetic-field current ,  
11.0 amperes. 
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.. . . .. ... . - . 

Thrustor 1 operating. 
rent, 0.253 ampere. 

Total t h rustor 
Run  15c. 

,.-- --. 
Thrustor 2 operating. Total thrustor  t, (1) ) 
beam current, 0.265 ampere. R u n  15b. ’,.----*’ 

. .. - ... . . .  

Thrustor 3 operating. Total thrustor  
beam current, 0.262 ampere. R u n  15a. 

Thrustors 1, 2, and 3 operating. Total thrustor  beam current, 
0.755 ampere. R u n  15d. 

(a) Thrustors operating near 0.25 ampere beam current. Relative beam intensity numbers on contours correspond to 15 microamperes per unit. 

Figure 15. - Ion-beam contour maps for various modes of operation. 

41 



, 
I I 

'\ .___-' 
Thrustor 2 operating. Total thrustor  beam 
current, 0.496 ampere. Run 16b. 

Thrustor 1 operating. Total thrustor  beam 
current, 0.445 ampere. Run 16c. 

Thrustors 1, 2, and 3 operating. Total thrustor  beam 
current, 1.487amp~es. Run 16d. 

Thrustor 3 operating. Total thrustor  
beam current, 0.495 ampere. Run 16a. 

(b) Thrustors operating near 0.50 ampere beam current. Relative beam intensity numbers on contours correspond to 20 microamperes per unit .  

Figure 15. - Continued. Ion-beam contour maps for various modes of operation. 
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Thrustor 3 operating. Total thrustor  beam 
current, 0.736 ampere. R u n  17a. Thrustor 1 operating. Total thrustor  beam cu r -  

rent, 0.724 ampere. R u n  17c. 

Thrustors 1, 2, and 3 operating. Total thrustor  beam current, 
2,144 amperes. R u n  17d. 

(c) Thrustors operating near 0.75 ampere beam current. Relative beam intensity numbers on contours correspond to 30 microamperes per unit. 

Figure 15. -Continued. Ion-beam contour maps for various modes of operation. 
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Thrustors 1, 2, and 3 operating. Total thrustor  beam current, 
2.870 amperes. R u n  18d. 

(d) Thrustors operating near 1.00 ampere beam current. Relative beam intensity numbers on contours correspond to 45 microamperes per 

Figure 15. - Concluded. Ion-beam contour maps for various modes of operation. 

unit. 
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Figure 16. - Ion-beam profiles for center th rus tor  only. 
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Figure 17. - Ion-beam profiles obtained from probe 8 dur ing  individual- and multiple- 
th rus tor  operation. 
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